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Gas phase standard state (298.15 K, 1 atm)
structures, enthalpies of formation (∆fH
◦
(g)), and
ionization energies (IEs) were calculated at the
G4MP2 composite method level of theory for the
parent and binary mixed carbon, silicon, nitro-
gen, and phosphorus cubane derivatives. Increas-
ing nitrogen content increases the ∆fH
◦
(g) for the
carbon-nitrogen, nitrogen-phosphorus, and silicon-
nitrogen binary cubanes, with the opposite ∆fH
◦
(g)
trend for increasing phosphorus content within the
carbon-phosphorus, nitrogen-phosphorus, and silicon-
phosphorus derivatives. Varying carbon/silicon con-
tent in the carbon-silicon cubanes results in no gen-
eral trends for ∆fH
◦
(g). Isomerization enthalpies
within the homolog groups having more than one iso-
mer vary widely with atomic composition and substi-
tution patterns. Increasing nitrogen content of the
carbon-nitrogen and nitrogen-phosphorus derivatives
increases the IE, increasing silicon content in the
carbon-silicon cubanes and phosphorus content of the
carbon-phosphorus cubanes decreases the IE, while no
IE clear trends are evident based on relative atomic
content for the silicon-nitrogen and silicon-phosphorus
compounds. The binary mixed carbon, silicon, nitro-
gen, and phosphorus cubane derivatives are predicted
to display potentially tunable thermodynamic stability
and redox behavior depending on the atom identities
and relative positions.
Polyhedral cubane derivatives are high priority syn-
thetic targets because of their possible applications in
nanoscale architectures and high energy density ma-
terials, as well as being of fundamental interest in or-
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ganic chemistry due to the high strain and unusual
bonding arrangements in these molecules and poten-
tial for a large number of thermal and excited state
intramolecular rearrangements [1] [2] [3] [4] [5] [6].
In addition to the parent hydrocarbon cubane with
a carbon skeleton [1], the edge atoms in this cubyl
structure may be replaced by any atom capable of
trivalent bonding or higher, facilitating access to a
large number of possible analogs (having up to 8 dif-
ferent atoms). Cubane can be represented in two-
dimensional planar graph format where intersections
represent vertex atoms on the cube according to the
system developed by Balaban et al. [5] [8] (Figure 1).
≡
Figure 1: Three dimensional and two dimensional pla-
nar graph representations of cubane.
According to this system, there are 20 binary
cubanoids having two different atoms (e.g, X and Y)
where the number of atoms X>1, Y>1, and X+Y=8
(Figure 2.)
In the current study, we investigated the gas phase
standard state (298.15 K, 1 atm) structures (pro-
vided in cartesian coordinates as part of the Support-
ing Information), enthalpies of formation (∆fH
◦
(g)),
and ionization energies (IEs) for the parent and bi-
nary mixed carbon, silicon, nitrogen, and phosphorus
cubane derivatives (Table 1). Prior work has consid-
ered a limited subset of these compounds (see, e.g.,
ref. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18],
and references therein). Calculations were conducted
using Gaussian 09 [19] at the G4MP2 [20] compos-
ite method level of theory. All structures reported
herein were confirmed as true minima with no imag-
inary frequencies. Several neutral and cationic com-
pounds converged with one or more imaginary fre-
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Figure 2: Planar graph representations of the 20 bi-
nary cubanoids having two different atoms denoted X
and Y where the number of atoms X>1, Y>1, and
X+Y=8.
and the corresponding structural details, ∆fH
◦
(g), and
IEs are not reported.
Several general structure-property trends are evi-
dent in the theoretical data. All derivatives -




−1) - have es-
timated ∆fH
◦
(g) >0. Increasing nitrogen con-
tent among the carbon-nitrogen and silicon-nitrogen
cubanes increases their ∆fH
◦
(g); conversely, increasing
phosphorus content within the carbon-phosphorus,
nitrogen-phosphorus, and silicon-phosphorus cubanes
decreases their ∆fH
◦
(g). Varying carbon/silicon con-
tent in the carbon-silicon cubanes results in no gen-





(g)) within the homolog groups having more
than one isomer (2-4; 5-7; 8-13; 14-16; and 17-
19) vary widely with atomic composition and sub-
stitution patterns. For example, ∆isomH
◦
(g) between
the silicon-nitrogen isomers 8 and 10 is >250 kcal
mol−1, whereas the corresponding ∆isomH
◦
(g) between
the carbon-nitrogen isomers is< 60 kcal mol−1, and<
6 kcal mol−1 between the carbon-phosphorus isomers.
Based on our previous G4MP2 studies [17] [18] of vari-
ous strained compounds, the ∆fH
◦
(g) presented herein
are expected to be at or near chemical accuracy (±1
kcal mol−1). To the best of our knowledge, among
the compounds presented herein, only carbon cubane
has an experimental ∆fH
◦
(g) reported at 148.7±1 kcal
mol−1 [21], although Karpushenkava et al. [22] have
recently proposed an experimental ∆fH
◦
(g) of 142.7±1
kcal mol−1 for cubane based on revised sublimation
data. Our G4MP2 ∆fH
◦
(g) estimate of 144.1 kcal
mol−1 lies between these two experimental estimates.
Previous ∆fH
◦
(g) estimates for the carbon-nitrogen
cubanoids have been reported using the semiempirical
AM1, PM3, and MNDOmethods [8] [10]. As expected
for such strained compounds, there is only modest
agreement between these prior estimates and the cur-
rent G4MP2 data. We find reasonable agreement
with the MP2/6-31G* ∆fH
◦
(g) estimates for various
carbon-nitrogen cubanoids reported by Engelke [11].
For example, Engelke’s [11] ∆fH
◦
(g) MP2/6-31G* esti-
mate for the carbon-nitrogen compound 20 was 380.9
kcal mol−1, in excellent agreement with our G4MP2
estimate of 379.6 kcal mol−1. Similarly, Engelke’s [11]
∆fH
◦
(g) value at the MP2/6-31G* level of theory for
N8 (442.6 kcal mol
−1) is also in good agreement with
our value of 436.2 kcal mol−1. Differences from sev-
eral kcal mol−1 up to >10 kcal mol−1 are evident be-






































Table 1: Gas phase standard state (298.15 K, 1 atm) enthalpies of formation (∆fH
◦
(g); values in kcal mol
−1) and





X=C X=C X=C X=N X=Si X=Si X=C X=C X=C X=N X=Si X=Si
ID Y=N Y=P Y=Si Y=P Y=N Y=P Y=N Y=P Y=Si Y=P Y=N Y=P
all X 144.1 144.1 144.1 436.2 137.7 137.7 8.56 8.56 8.56 10.37 7.36 7.36
1 161.0 134.1 138.7 371.6 106.1 112.8 7.93 7.66 8.03 ia 7.18 i
2 192.0 124.7 142.8 329.1 150.7 101.4 7.68 7.63 7.60 8.28 6.65 7.25
3 176.7 123.8 126.7 293.8 74.6 87.9 7.98 7.51 7.75 8.67 i i
4 179.1 124.9 135.2 305.6 94.6 87.9 7.85 7.09 7.55 i i i
5 221.3 114.4 139.0 271.7 169.0 87.6 8.17 7.57 7.45 7.93 6.86 7.35
6 208.9 115.4 132.6 252.0 124.0 75.6 7.85 7.18 7.28 7.82 7.04 7.23
7 191.7 112.5 106.4 202.8 36.5 60.5 i 7.62 i 8.29 8.11 7.77
8 265.3 105.4 147.0 i 252.3 86.8 i 7.55 7.60 i 6.42 7.38
9 249.2 103.5 126.7 198.8 167.8 71.0 8.74 7.85 7.63 8.10 7.63 7.43
10 206.1 99.4 76.7 98.9 -4.6 30.2 9.14 7.71 8.05 i 8.90 8.03
11 237.2 104.3 120.1 182.4 135.2 59.8 8.31 7.31 7.21 7.62 7.24 7.34
12 239.8 107.2 133.1 200.6 170.7 63.6 7.89 7.14 7.06 7.27 6.55 7.02
13 251.9 105.4 137.9 216.8 190.3 73.9 8.32 7.23 7.17 7.61 7.49 i
14 294.3 95.5 136.6 168.7 i 70.5 8.78 7.29 7.49 7.75 i 7.25
15 281.3 95.6 128.6 151.0 212.8 58.3 8.49 7.22 6.94 7.22 7.24 7.14
16 264.3 91.6 97.4 97.5 130.3 39.6 8.89 7.43 7.44 i 8.09 7.52
17 337.9 86.8 138.9 137.0 315.4 67.9 9.02 7.25 i 7.15 7.54 7.14
18 322.2 83.8 116.1 89.5 i 49.9 9.18 7.14 7.16 7.59 i 7.26
19 324.0 85.6 128.9 106.7 266.1 53.8 9.10 7.32 6.61 7.00 8.06 7.32
20 379.6 76.4 130.4 83.5 351.6 60.2 i i i 7.20 i i
all Y 436.2 68.9 137.7 68.9 436.2 68.9 10.37 eb 7.36 e 10.37 e




































for the other carbon-nitrogen cubanoids ((CH)7N to
(CH)2N6) reported in ref. [11].
Increasing nitrogen content of the carbon-nitrogen
and nitrogen-phosphorus derivatives increases the
IE, increasing silicon content in the carbon-silicon
cubanes and phosphorus content of the carbon-
phosphorus cubanes decreases the IE, while no IE
clear trends are evident based on relative atomic con-
tent for the silicon-nitrogen and silicon-phosphorus
compounds. As with the ∆fH
◦
(g) data, the only ex-
perimentally available IE is for carbon cubane. The
NIST evaluated IE for this compound is 8.6 eV [23],
equivalent to our G4MP2 estimate of 8.56 eV. For all
binary groups, substantial intra-homolog variability
in IE is predicted (up to ±1.5 eV), with an overall
IE range for all binary compounds between about 6.4
and 9.2 eV. Consequently, the binary mixed carbon,
silicon, nitrogen, and phosphorus cubane derivatives
display potentially tunable thermodynamic stability
and redox behavior depending on the atom identities
and relative positions.
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END OF SUPPORTING INFORMATION
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